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Abstract 

We investigate the prospects for the discovery of neutral Higgs bosons with muons by direct 
searches at the CERN Large Hadron Collider (LHC) as well as by indirect searches in the rare 
decay B s — » u + ^~ at the Fermilab Tevatron and the LHC. Promising results have been found for 
the minimal supersymmetric standard model, the minimal supergravity (mSUGRA) model, and 
supergravity models with non-universal Higgs masses (NUHM SUGRA). For tan/3 ~ 50, we find 
that (i) the contours for a branching fraction of B(B S — > u^/jT) = 1 x 10~ 8 in the parameter space 
are very close to the 5a contours for pp — > bcfP — > bu + u~ + X, (p° = h ,H°,A at the LHC with 
an integrated luminosity (L) of 30 fb -1 , (ii) the regions covered by B{B S — > > 5 x 10~ 9 

■ and the discovery region for bcfP — ► bu + fi~ with 300 fb -1 are complementary in the mSUGRA 
parameter space, (iii) in NUHM SUGRA models, a discovery of B(B S — > fj, + (j,~) ~ 5 x 10 -9 at the 

JL , LHC will cover regions of the parameter space beyond the direct search for pp — > bcfP — > bu + u~ 

D ! with L = 300 fb -1 . 
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I. INTRODUCTION 



In the minimal supersymmetric standard model (MSSM), the couplings of down type 
quarks and leptons with neutral Higgs bosons are proportional to 1/ cos (3. Thus a large 
value of tan/5 greatly enhances the discovery potential for the Higgs decays into muon 
pairs with Higgs bosons produced in association with bottom quarks [3, 0] as well as the 
branching fraction of the rare decay B s — > /x 4 ' \x~ mediated by Higgs bosons jE 0, S H, ■ 
In this article, we present results of Ref. 0] for the discovery potential of the direct searches 
for the Higgs bosons pp — > 60° — > b{i + pr + X at the LHC and that of the indirect Higgs 
searches in B s — > fi + fi~ at the Fermilab Tevatron Run II and the LHC within the framework 
of the minimal supersymmetric model (MSSM), the minimal supergravity unified model and 
supergravity models with non-universal Higgs masses at the unification scale. The CERN 
Large Hadron Collider (LHC) has a great potential to discover both direct and indirect 
signals with muon pairs for neutral Higgs bosons in supersymmetry models 



II. MINIMAL SUPERSYMMETRIC STANDARD MODEL 

We evaluate the cross section of pp — > b<p° — > bfi + fi~ + X, cfp = h°, H°, A with the Higgs 
production cross section a(pp — > 60° + X) multiplied by the branching fraction of the Higgs 
decay into muon pairs B((p° — > 2] at the LHC with the factorization/renormalization 

scale up = = M H /4. We consider dominant physics backgrounds from bg — > bji + fj,~ as 
well as gg — > bbW + W~ and qq — > bbW + W~ followed by the decays of — > /u r^. In 
addition, we have included the background from pp — > b^v[i~v + X and pp — > + 
Xi3 = <? or <? with q = u,d, s, c, where a jet is mistagged as a b quark. We apply realistic 
cuts for an integrated luminosity (L) of 30 fb _1 and for a higher integrated luminosity of 
300 fb _1 . In our analysis for the MSSM, we adopt a common mass scale: 

M SVSY = m- g = mj = fi = -A f . 



MSSM 



M SUST = 350GeV,|i>0 M susv = 1000GeV,n>0 
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FIG. 1: Discovery contours for pp — > bcjr — > bp,^ + X at the LHC and contours of the branching 
fraction of B s -> y+iT in the MSSM for (a) m SU SY = 350 GeV and (b) m SU SY = 1000 GeV. The 
discovery region is the part of the parameter space above the contour. 
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In Figure 1, we present contours for the branching fraction B(B S — > fi + \l ) = 1.5 x 10 7 
(current experimental limit [H), 3 x 10 -8 , 1 x 10~ 8 , and 5 x 10~ 9 as well as the discovery 
contours of pp -> 60° -> + X at the LHC. For M SUSY = 350 GeV, LHC will be 

able to discover pp — > 60° — > bp^ pT + X with an integrated luminosity (L) of 30 fb _1 
in a significantly large region of the parameter space beyond B(B S — > p + p~) = 3 x 10~ 8 . 
Furthermore, with a higher luminosity of 300 fb _1 , the LHC discovery contour for direct 
Higgs search with M SU sy = 1000 GeV is very close to the contour for B(B S — > p + p~) = 
5 x 10~ 9 . 

III. MINIMAL SUPERGRACITY UNIFIED MODEL 

In the minimal supergravity (mSUGRA) model, supersymmetry (SUSY) is broken in a 
hidden sector and SUSY breaking is communicated to the observable sector through gravita- 
tional interactions. The mSUGRA parameters are chosen to be a common scalar mass (mo), 
a common gaugino mass (mi/2), a common trilinear coupling (Aq), sign of the Higgs mixing 
parameter (p), and the ratio of Higgs field vacuum expectation values at the electroweak 
scale (tan/3 = v^/vx). 
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FIG. 2: Discovery contours for pp — > b(jP — » + X at the LHC and contours of the branching 
fraction of B s — > /i + /U _ in the minimal supergravity unified model for (a) tan j3 = 30 and (b) tan (3 = 
50. Also shown are the parts of the parameter space (i) excluded by theoretical requirements (slant- 
hatched and dark shaded), or (ii) excluded by the chargino search at LEP 2 (horizontally-hatched). 

Figure 2 displays the discovery contours of pp — > b<f)° — > pT + X for an integrated 
luminosity of 30 fb _1 and 300 fb _1 at the LHC as well as contours for the branching fraction 
of B{B S — > /i + /U~) in the (mi/ 2 ,m ) plane of the mSUGRA model with tan/3 = 30 and 
50. If tan/3 < 30, only a tiny region with small values of m\/2 and mo will likely lead to 
observable signals for either B s — > at the Tevatron Run II or pp — > 60° — > bfi + fi~ + X 

at the LHC. For tan/3 < 40, direct searches for pp — > b<p° — > bfi + p~ + A at the LHC 
with L = 30 fb _1 covers a much larger region in the mSUGRA parameter space than 
£>(-B s — > /i + yU _ ) > 1 x 10 -8 . If tan/3 > 50, both discovery channels at the LHC become 
complementary. The direct searches for pp — > bcjP — > bp, + p,~ + X with L = 300 fb _1 covers 
a significant region beyond the contour of 5(i? s — > /U + /i _ ) = 5 x 10 -9 . Likewise, the rare 
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decay with B(B S — > ) > 5 x 10 9 covers a large region beyond the discovery contour 
of the direct search for 60° — > with L = 300 fb _1 . 

IV. MSUGRA WITH NON-UNIVERSAL HIGGS MASSES 

In our analysis for supergravity models with non-universal Higgs masses at the unifi- 
cation scale (NUHM SUGRA models), the GUT-scale Higgs masses are parametrized as: 
(GUT) = (1 + Si)ml with % — 1,2. We find that a decrease in mn x with a negative S\ 
as well as an increase in m# 2 with a positive S 2 at Mqut will lead to a smaller mass at the 
electroweak scale for the Higgs pseudoscalar (A ) or the heavier Higgs scalar (H°) than that 
in the mSUGRA model. We choose three sets of values for S{ to study the Higgs discovery 
potential: (i) Si = — 0.5, <5 2 = 0, (ii) Si = 0, <5 2 = 0.5, and (iii) Si = — 0.5, S 2 = 0.5. 

NUHM SUGRA, tan(3 = 50 

8, = - 0.5, S 2 = S, = 0, 5 2 = 0.5 5, = - 0.5, 6, = 0.5 
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FIG. 3: The 5a contours for pp -» 60° -» bfifi + X at the LHC with L = 30 fb -1 and 300 
fb _1 as well as contours for the branching fraction of B s — > in the (^i/2) m o) plane of a 

NUHM SUGRA model with tan/3 = 50, /i > 0, ^4o = and non-universal boundary conditions (a) 
5 1 = -0.5 and 5 2 = 0, (b) S 1 = and 5 2 = 0.5, (c) Si = -0.5 and 5 2 = 0.5. 

In Figure 3, we present the discovery contours of b<f)° — > bfi + fi~ for integrated luminosities 
of 30 fb _1 and 300 fb _1 at the LHC as well as contours for branching fraction B(B S — > fi + n~ 
in the (mj/2, mo) plane with tan/3 = 50. In all three NUHM SUGRA cases, rriA and m# are 
smaller than those in the mSUGRA model for the same values of m and mi/2- Consequently, 
both b(f)° —> b^i + {i~ and B s — > will be able to cover larger regions in the (muz, mo) 

plane. We note that for tan/3 > 50, the observable region for b(p° -> at the LHC 

with L = 30 fb _1 is comparable to that of B(B S —> fi + ^) > 1 x 10 -8 . If m# 2 is larger than 
mo with S 2 = 0.5, the theoretically disfavored region grows rapidly as the value of tan/3 
increases. If both Higgs boson masses are different from the common scalar mass at Mqut, 
then theoretically favored region shrinks greatly. 

In supersymmetric models, the muon pair discovery channels offer great promise to detect 
Higgs signatures in B s —* fx + mu~ as well as in pp — ► 60° — > bfi + {i~ + X at the CERN 
LHC. In mSUGRA models, the branching fraction of B s —> fi + fi~ and the significance of 
pp — > 60° — > bfi + {i~ + A are greatly improved by a large tan/3 because the large 660° 
couplings make and m# small and enhance the Higgs bosons production. In both 
mSUGRA model and NUHM SUGRA models, the direct signal of 60° at the LHC 

can be discovered with a luminosity of 30 fb _1 in a large space that is comparable to that 
of B(B S = 1 x 10- 8 for tan/3 < 50. 
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If tan (3 > 50, the regions covered by B(B S —> ) > 5 x 10 9 and the discovery region 
for 60° — > with 300 fb _1 are complementary in the mSUGRA parameter space. 

However, in NUHM SUGRA models, a discovery of B(B S -> - 5 x 10~ 9 at the LHC 

will cover regions of the parameter space beyond the direct search for b<f)° — > bfi + [i~ with 
L = 300 fb _1 . 
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